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Abstrat
We use the equations of motion to simplify the general form of fermion-
fermion-Higgs interations generated by dimension-six gauge-invariant eetive
operators. After removing redundant operators it is found that the most general
Hfifj vertex for o-shell fermions fi, fj and an o-shell Higgs boson only involves
salar and pseudo-salar terms, without derivatives. Examples are presented for
the Htt and Htq interations, where q = u, c, giving the expliit expressions of
the verties in terms of gauge-invariant operators. The new operator equalities
obtained here also redue the number of operators relevant for the Ztq verties,
although the general form of these interations is not simplied with respet to
previous results.
1 Introdution
The disovery of the Higgs boson is one of the main goals and motivations of the Large
Hadron Collider (LHC). If this partile is nally found, as it is widely expeted, its
disovery will onstitute a major advane in our understanding of eletroweak symme-
try breaking. The study of its properties and ouplings to the Standard Model (SM)
partiles will then be of the greatest importane to determine its nature and fully un-
derstand the symmetry breaking mehanism, and it may possibly provide signals of
new physis beyond the SM. On the other hand, the top quark also deserves speial
interest among the known fermions. Being the heaviest quark, eets of new physis
on its ouplings are expeted to be larger than for other fermions, so it is hoped that
deviations with respet to the SM preditions might be found with preise measure-
ments of its ouplings. Hene, in the ase of the top-Higgs ouplings the measurements
have added relevane, also bearing in mind that the top itself might have a speial role
in eletroweak symmetry breaking due to its large mass.
It is known sine some time that eets of new weakly oupled physis at a high
sale Λ an be desribed by an eetive Lagrangian [13℄
Le =
∑ Cx
Λ2
Ox + . . . , (1)
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where Ox are dimension-six gauge-invariant operators and Cx are omplex onstants.
The dots in the above equation stand for higher-dimension operators negleted in this
work, whose ontributions are suppressed by higher powers of Λ. The framework of
eetive operators is very onvenient to desribe the eet of new physis in fermion
ouplings. In partiular, for the top quark the eetive operator ontributions have
been already obtained, for third generation ouplings [47℄ and also inluding intergen-
erational mixing [813℄.
The usefulness of the eetive operator approah arises from the fat that any new
physis ontribution (in our ase, at order 1/Λ2) an be parameterised in terms of a
omplete operator basis, and this framework is then ompletely general. But it is also
very important to have suh a basis in a minimal form. In this diretion, a great eort
was done in Ref. [3℄ to remove redundant operators and redue the set of independent
Ox. (This an always be done by using the equations of motion, even for o-shell
partiles or when loop orretions are onsidered [14, 15℄.) Still, few redundant ones
remained, as pointed out in Ref. [16℄, and reently the set of independent operators
has been further redued [13℄. This latter simpliation has been partiularly useful,
beause it implies that the most general fermion-fermion-gauge boson interations,
inluding the SM ontributions as well as those from dimension-six operators, an be
parameterised in full generality with only γµ and σµνqν terms, where qν is the gauge
boson momentum. In this paper we extend previous work and obtain new operator
equalities whih allow to simplify the general form of the Hfifj interations among
two fermions fi, fj and the Higgs boson. For brevity, we onentrate ourselves on Htt
and Htq interations, although the results are general for all fermions. Among the
operators listed in Ref. [3℄, those ontributing to the Htt and Htq verties are
Oijuφ = (φ
†φ)(q¯LiuRjφ˜) ,
O
(3,ij)
φq = i(φ
†τ IDµφ)(q¯Liγ
µτ IqLj) ,
O
(1,ij)
φq = i(φ
†Dµφ)(q¯Liγ
µqLj) ,
Oijφu = i(φ
†Dµφ)(u¯Riγ
µuRj) , (2)
where we have already omitted several operators already shown to be redundant [13℄.
(We denote the quark elds as qLi, uRi, dRi in standard notation, with i, j = 1, 2, 3
avour indies.) The rst operator in Eqs. (2) gives salar f¯ifjH and pseudo-salar
f¯iγ5fjH ontributions to the verties, while the three remaining ones give derivative
terms of the type f¯iγ
µPL,Rfj∂µH . However, in this paper we will show that these
derivative interations are redundant and an be dropped. Indeed, instead of using the
operators
O
(3,ij)
φq , O
(1,ij)
φq , O
ij
φu , (3)
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with i, j = 1, 2, 3 to parameterise new physis ontributions, one may equivalently use
the sums and dierenes of operators with i ≤ j = 1, 2, 3,
O
(3,i+j)
φq ≡
1
2
[
O
(3,ij)
φq + (O
(3,ji)
φq )
†
]
,
O
(1,i+j)
φq ≡
1
2
[
O
(1,ij)
φq + (O
(1,ji)
φq )
†
]
,
Oi+jφu ≡
1
2
[
Oijφu + (O
ji
φu)
†
]
,
O
(3,i−j)
φq ≡
1
2
[
O
(3,ij)
φq − (O(3,ji)φq )†
]
,
O
(1,i−j)
φq ≡
1
2
[
O
(1,ij)
φq − (O(1,ji)φq )†
]
,
Oi−jφu ≡
1
2
[
Oijφu − (Ojiφu)†
]
. (4)
For i 6= j the equivalene of both sets is evident, whereas for i = j the hange of
basis amounts to deomposing the operators in Eq. (3) (with omplex oeients in
general) into their hermitian and anti-hermitian parts (with real and purely imaginary
oeients, respetively). As we will show, the opposite-sign ombinations in Eqs. (4)
are redundant and therefore they an be dropped from the operator list. For a pair of
dierent avour indies i 6= j this redues the number of relevant operators: the six
operators Oijx , O
ji
x in Eq. (3) are replaed by the rst three ones in Eqs. (4), namely
Oi+jx with i < j. For the same avour i = j the three operators O
ii
x are replaed
by their hermitian parts Oi+ix . The advantage of this hange of basis, apart from the
redution in the number of relevant operators, is that the same-sign ombinations Oi+jx
in Eqs. (4) do not give Hfifj verties beause the derivative terms originating from O
ij
x
and (Ojix )
†
exatly anel. Hene, the struture of these verties is redued to salar
and pseudo-salar terms.
It is important to remark here the importane of simplifying the general form of
the fermion interations with the gauge and Higgs bosons. First, beause the number
of relevant parameters neessary to desribe the verties is redued, with an obvious
advantage for the study of anomalous interations and the extration of limits from ex-
perimental data: the dimensionality of the parameter spae is redued and the analyses
are greatly simplied. Additionally, the presene of more variables than the ones really
needed would lead to perfet orrelations in the limits obtained on them, whih ap-
parently would suggest that ertain ombinations of variables annot be experimentally
measured. However, these orrelations only reet the fat that some parameters an
atually be eliminated from the analysis. A seond advantage onerns Monte Carlo
generation of the new signals, beause with an adequate hoie of gauge-invariant op-
erators the number of diagrams and anomalous interations ontributing to a given
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proess is redued, whih is quite useful for the development of generators for non-SM
proesses. In the ase of the top quark, generators for top prodution proesses involv-
ing anomalous ouplings [17℄ benet from the simpliation of the interations with the
W and Z bosons, the photon and the gluon. One must note, however, that dierent
operator bases may always be hoosen to parameterise new physis eets [1012℄, and
results for ross setions, branhing ratios, et. will learly be basis-independent. But it
is also lear that an adequate seletion minimising the number of parameters neessary
to desribe the most relevant top quark prodution and deay proesses onsiderably
simplies the alulations.
In this paper we rst prove in setion 2 the operator equalities whih allow to drop
the opposite-sign ombinations in Eqs. (4). Then, we present in setion 3 the minimal
Htt and Htq verties, and in setion 4 we disuss how the operator replaements made
aet gauge boson verties. Although the struture of the latter is not simplied
with respet to previous work [13℄, the number of ontributing operators dereases
in some ases. In setion 5 we summarise our results. Appendix A studies in detail
quark mixing. Sine the equalities obtained in setion 2 relate operators whih do not
ontribute to quark masses to other ones whih do, understanding their impliations
for Htt, Htq verties requires a orret aount of quark mixing eets. In appendix B
it is shown with an expliit example that the trilinear vertex replaements ditated by
the operator equalities give the same results in amplitude alulations. Finally, the
ontributions of the relevant eetive operators to the Htt and Htq verties, as well as
to quark masses, are olleted in appendix C.
2 Eetive operator equalities
In this paper we approximately follow the notation in Ref. [3℄. The onventions and
signs used for ovariant derivatives, the equations of motion, et. are given in detail in
Ref. [13℄. Using the denitions in Eqs. (2), the last three operators in Eqs. (4) an be
written as
O
(3,i−j)
φq =
i
2
[
φ†τ IDµφ+ (Dµφ)
†τ Iφ
]
(q¯Liγ
µτ IqLj) ,
O
(1,i−j)
φq =
i
2
[
φ†Dµφ+ (Dµφ)
†φ
]
(q¯Liγ
µqLj) =
i
2
Dµ(φ
†φ)(q¯Liγ
µqLj) ,
Oi−jφu =
i
2
[
φ†Dµφ+ (Dµφ)
†φ
]
(u¯Riγ
µuRj) =
i
2
Dµ(φ
†φ)(u¯Riγ
µuRj) . (5)
Integrating by parts, and using for the rst operator the equality
Dµτ
Iψ = τ IDµψ + gǫIJKW
J
µ τ
Kψ , (6)
4
for ψ = φ, qLj (or any SU(2) doublet), we have
O
(3,i−j)
φq =
1
2
[
(φ†τ Iφ)(iD6 qLi)τ IqLj − (φ†τ Iφ)q¯Liτ I(iD6 qLj)
]
,
O
(1,i−j)
φq =
1
2
[
(φ†φ)(iD6 qLi)qLj − (φ†φ)q¯Li(iD6 qLj)
]
,
Oi−jφu =
1
2
[
(φ†φ)(iD6 uRi)uRj − (φ†φ)u¯Ri(iD6 uRj)
]
. (7)
Then, using the quark equations of motion it is then easy to nd that
O
(3,i−j)
φq =
1
2
[
Y ujkO
ik
uφ − Y djkOikdφ − Y u†ki (Ojkuφ)† + Y d†ki (Ojkdφ)†
]
,
O
(1,i−j)
φq =
1
2
[
−Y ujkOikuφ − Y djkOikdφ + Y u†ki (Ojkuφ)† + Y d†ki (Ojkdφ)†
]
,
Oi−jφu =
1
2
[
Y ukiO
kj
uφ − Y u†jk (Okiuφ)†
]
, (8)
where Y u, Y d are the up and down quark Yukawa matries, respetively, and
Oijdφ = (φ
†φ)(q¯LidRjφ) . (9)
These relations show that the operators on the left-hand side are redundant. Notie
that for O
(3,i−j)
φq the terms involving Pauli matries an be simplied after using the
equations of motion, beause
(ψ†1τ
Iψ2)(ψ
†
3τ
Iψ2) = (ψ
†
1ψ2)(ψ
†
3ψ2) , (10)
being ψi any SU(2) doublets.
The operator equalities in Eqs. (8) imply in partiular that, in the alulation of
gauge-invariant quantities, the derivative ontribution to the top-Higgs trilinear verties
from the operators O
(3,i−j)
φq , O
(1,i−j)
φq , O
i−j
φu an be replaed by the salar and pseudo-
salar ontributions from the right-hand side of the orresponding equations, provided
that all the remaining operator ontributions, if any, are inluded. It must be notied,
however, that Eqs. (8) relate some operators (on the left-hand side) whih do not
ontribute to quark masses to some others whih do ontribute (the ombinations on the
right-hand side). Therefore, quark mixing plays a entral role in the orret extration
of relations among trilinear verties from the gauge-invariant operator equalities. This
issue is disussed in detail in appendix A. In appendix B it is shown with an expliit
example that the derivative terms an indeed be replaed by (pseudo-)salar terms in
amplitude alulations.
Finally, it is worth pointing out that for brevity we have restrited ourselves to
operators involving the top quark, but for other operators involving only down-type
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quarks or leptons,
Oijφd = i(φ
†Dµφ)(d¯Riγ
µdRj) ,
O
(3,ij)
φℓ = i(φ
†τ IDµφ)(ℓ¯Liγ
µτ IℓLj) ,
O
(1,ij)
φℓ = i(φ
†Dµφ)(ℓ¯Liγ
µℓLj) ,
Oijφe = i(φ
†Dµφ)(e¯Riγ
µeRj) , (11)
the same rekoning applies, and only the sums Oijx + (O
ji
x )
†
are relevant.
3 General Htt and Htq interations
We give here general expressions for the Htt and Htq verties arising from dimension-
six gauge-invariant operators, exluding the redundant ones. The Lagrangians given
here are valid for o-shell partiles and do not make any assumption about fermion
masses and mixings, beause the proof that O
(3,i−j)
φq , O
(1,i−j)
φq and O
i−j
φu are redundant
involves arbitrary Yukawa matries. The ontributions to the Htt and Htq verties of
the eetive operators in Eqs. (2) are olleted in appendix C for omplex oeients
Cx.
3.1 Htt vertex
For i = j = 3, one may in full generality replae the gauge-invariant operators O
(3,33)
φq ,
O
(1,33)
φq and O
33
φu by the hermitian ones
O
(3,3+3)
φq =
i
2
[
φ†τ IDµφ− (Dµφ)†τ Iφ
]
(q¯L3γ
µτ IqL3) ,
O
(1,3+3)
φq =
i
2
(φ†
←→
Dµφ)(q¯L3γ
µqL3) ,
O3+3φu =
i
2
(φ†
←→
Dµφ)(u¯R3γ
µuR3) . (12)
These substitutions simplify the form of the Htt interation, beause the ontributions
of the new operators to this vertex identially vanish. Thus, the most general Htt
vertex inluding the SM Yukawa oupling as well as orretions from dimension-six
operators is
LHtt = − 1√
2
t¯
(
Y Vt + iY
A
t γ5
)
t H . (13)
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with Y Vt =
√
2mt/v, Y
A
t = 0 in the SM at the tree level. The ontributions from
dimension-six operators are
δY Vt = −
3
2
ReC33uφ
v2
Λ2
,
δY At = −
3
2
ImC33uφ
v2
Λ2
. (14)
We point out that this eetive Lagrangian, while being ompletely general, is far
simpler than the one given in previous literature [6,7℄ whih involves several derivative
terms.
3.2 Htq verties
For dierent avour indies i 6= j, the six operators O(3,ij)φq , O(1,ij)φq and Oijφu an be
replaed by the three same-sign ombinations
O
(3,i+j)
φq =
i
2
[
φ†τ IDµφ− (Dµφ)†τ Iφ
]
(q¯Liγ
µτ IqLj) ,
O
(1,i+j)
φq =
i
2
(φ†
←→
Dµφ)(q¯Liγ
µqLj) ,
Oi+jφu =
i
2
(φ†
←→
Dµφ)(u¯Riγ
µuRj) . (15)
This redues the number of operators relevant for FCN interations and, more impor-
tantly, it simplies the form of the Htq verties beause the operators in Eqs. (15) do
not ontribute (the ontributions of both terms identially anel). Then, the most
general avour-hanging Htc vertex arising from dimension-six eetive operators an
be written as
LHtc = − 1√
2
c¯
(
ηLctPL + η
R
ctPR
)
t H + H.. , (16)
where ηLct = η
R
ct = 0 in the SM at the tree level. The ontributions from dimension-six
operators are
δηLct = −
3
2
C32∗uφ
v2
Λ2
,
δηRct = −
3
2
C23uφ
v2
Λ2
. (17)
For the Htu vertex the results are analogous by hanging the avour indies 2 → 1.
These eetive Lagrangians are also simpler than the ones previously found [8, 9℄. We
remark here that equivalent Lagrangians have been used to study top FCN proesses
indued by Htq ouplings [19℄, namely top pair prodution with FCN deay of one top
quark and assoiated Ht prodution. Those studies are thus ompletely general from
the point of view of dimension-six eetive operators.
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4 Contributions to gauge boson verties
The hange of operator basis performed with the substitution of O
(3,ij)
φq , O
(1,ij)
φq and
Oijφu by O
(3,i+j)
φq , O
(1,i+j)
φq and O
i+j
φu does not modify the general Lorentz struture of the
top quark gauge interations, whih only involve γµ and σµνqν ouplings as shown in
Ref. [13℄. For photon and gluon interations the eetive Lagrangians remain the same
beause O
(3,ij)
φq , O
(1,ij)
φq and O
ij
φu do not ontribute. For the W and Z boson interations
there are few modiations. The additional operators ontributing to these verties
but not to Higgs ouplings are
Oijφφ = i(φ˜
†Dµφ)(u¯Riγ
µdRj) ,
OijuW = (q¯Liσ
µντ IuRj)φ˜W
I
µν ,
OijdW = (q¯Liσ
µντ IdRj)φW
I
µν ,
OijuBφ = (q¯Liσ
µνuRj)φ˜ Bµν . (18)
The Wtb vertex is still parameterised as [18℄
LWtb = − g√
2
b¯ γµ (VLPL + VRPR) t W
−
µ
− g√
2
b¯
iσµνqν
MW
(gLPL + gRPR) t W
−
µ +H.c. (19)
Within the SM, VL equals the Cabibbo-Kobayaski-Maskawa matrix element Vtb ≃ 1,
while the rest of ouplings VR, gL and gR vanish at the tree level. The ontributions to
these ouplings from dimension-six gauge-invariant operators are
δVL = C
(3,3+3)∗
φq
v2
Λ2
, δgL =
√
2C33∗dW
v2
Λ2
,
δVR =
1
2
C33φφ
v2
Λ2
, δgR =
√
2C33uW
v2
Λ2
. (20)
The only dierene with respet to Ref. [13℄ is the replaement of the operator oe-
ient
C
(3,33)
φq → C(3,3+3)φq . (21)
Notie however that sine O
(3,3+3)
φq is hermitian, its oeient C
(3,3+3)
φq is real in order to
ensure the hermitiity of the Lagrangian. The other ontributions to the Wtb eetive
vertex are omplex in general. The Ztt vertex is parameterised as [13℄
LZtt = − g
2cW
t¯ γµ
(
XLttPL +X
R
ttPR − 2s2WQt
)
t Zµ
− g
2cW
t¯
iσµνqν
MZ
(
dZV + id
Z
Aγ5
)
t Zµ , (22)
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with Qt = 2/3 the top quark eletri harge. Within the SM, these ouplings take
the values XLtt = 2 T3(tL) = 1, X
R
tt = 2 T3(tR) = 0, where T3 denotes the third isospin
omponent, and dZV = d
Z
A = 0 at the tree level. The ontributions from dimension-six
operators are
δXLtt =
[
C
(3,3+3)
φq − C(1,3+3)φq
] v2
Λ2
,
δXRtt = −C3+3φu
v2
Λ2
,
δdZV =
√
2Re
[
cWC
33
uW − sWC33uBφ
] v2
Λ2
,
δdZA =
√
2 Im
[
cWC
33
uW − sWC33uBφ
] v2
Λ2
. (23)
The dierenes with respet to the results in Ref. [13℄ are the replaements
Re C
(3,33)
φq → C(3,3+3)φq ,
Re C
(1,33)
φq → C(1,3+3)φq ,
Re C33φu → C3+3φu , (24)
whih do not redue the number of operators involved nor the number of parameters
needed to desribe the Ztt vertex, beause the oeients Cx on the right olumn
of Eqs. (24) are real. Finally, for Ztq verties the number of relevant ontributing
operators is redued. The Ztc vertex an still be parameterised with the Lagrangian [13℄
LZtc = − g
2cW
c¯ γµ
(
XLctPL +X
R
ctPR
)
t Zµ
− g
2cW
c¯
iσµνqν
MZ
(
κLctPL + κ
R
ctPR
)
t Zµ + H.. , (25)
but the anomalous ouplings depend on a smaller number of eetive operator oe-
ients (ve instead of eight),
δXLct =
1
2
[
C
(3,2+3)
φq − C(1,2+3)φq
] v2
Λ2
,
δXRct = −
1
2
C2+3φu
v2
Λ2
,
δκLct =
√
2
[
cWC
32∗
uW − sWC32∗uBφ
] v2
Λ2
,
δκRct =
√
2
[
cWC
23
uW − sWC23uBφ
] v2
Λ2
, (26)
We see that the dierenes with respet to the results in Ref. [13℄ are the replaements
C
(3,23)
φq + C
(3,32)∗
φq → C(3,2+3)φq ,
C
(1,23)
φq + C
(1,32)∗
φq → C(1,2+3)φq ,
C23φu + C
32∗
φu → C2+3φu . (27)
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For Ztu ouplings the Lagrangian is similar, and the eetive operator ontributions
are obtained by replaing the avour indies 2→ 1.
5 Summary
If the Higgs boson is found at LHC, the experimental measurement of its properties and
ouplings, in partiular those involving the top quark, will be of utmost importane
to investigate whether it is the SM Higgs or there is any new physis assoiated to
eletroweak symmetry breaking. Hene, an adequate parameterisation of the most
general Higgs interations with fermions is fundamental, and nding a minimal one
involving the smallest parameter set is very useful. With suh a minimal set the
interpretation of experimental measurements in terms of the underlying physis, e.g.
limits on new physis at a higher sale, is onsiderably simplied.
In this paper we have shown that the fermion-fermion-Higgs interations arising
from dimension-six gauge-invariant eetive operators an be desribed in full gener-
ality using only salar f¯ifjH and pseudo-salar f¯iγ5fjH terms. The key for this useful
result is the derivation of new relations among gauge-invariant operators using the
equations of motion. These relations allow to drop several redundant operators whih
give derivative terms of the type f¯iγ
µPL,Rfj∂µH , while the remaining operators do not
give suh ontributions. We have given expliit examples for the top quark, namely the
Htt, Htu and Htc verties, writing the anomalous ouplings in terms of oeients of
gauge-invariant operators.
The new operator relations found do not simplify the struture of the fermion-
fermion-gauge boson verties whih, as previously shown [13℄, involve only γµ and
σµνqν ouplings, with qν the boson momentum. Nevertheless, for the Wtb vertex they
imply that the orretion from eetive operators to the SM oupling Vtb is real, and
for Ztu, Ztc interations the number of relevant eetive operators ontributing to
eah eetive vertex is redued from eight to ve.
The simpliation of the top-Higgs verties, whih ompletes the study made for
top gauge interations, is also very useful to build Monte Carlo generators for new
proesses beyond the SM. In this way, single top prodution through FCN ouplings
and top pair prodution with FCN deay of one top quark have been added to the
Protos generator [17℄, using the minimal sets of anomalous Ztq, γtq, gtq and Htq
ouplings obtained. The advantage of these minimal sets is that they greatly simplify
the alulations for the most relevant top prodution proesses at LHC, reduing the
number of parameters, Lorentz strutures and diagrams required in a gauge-invariant
10
alulation of amplitudes. But, more importantly, the dimensionality of the parameter
spae to be investigated (and on whih onstraints are to be plaed) is redued roughly
by a fator of two, whih is a tremendous advantage for phenomenologial studies.
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A Operator equalities and quark mixing
One that it has been shown that the operatorsO
(3,i−j)
φq , O
(1,i−j)
φq andO
i−j
φu are redundant,
they an be removed from the operator basis in the same way as many other redundant
operators are [3℄. Still, it is illustrating to see how the operator equalities in Eqs. (8)
translate into relations among Hfifj ouplings. In other words, we are interested in
investigating how the derivative terms inluded in these operators an be replaed by
(pseudo-)salar terms in the alulation of gauge-invariant quantities. Quark mixing
plays a entral role in this derivation: while O
(3,i−j)
φq , O
(1,i−j)
φq and O
i−j
φu do not ontribute
to quark masses, the ombinations obtained from them using the equations of motion
give non-diagonal orretions to the mass matries. In this appendix we obtain suh
replaement relations for the simplest ase, the operator Oi−jφu , and taking i = 2, j = 3
for deniteness. The remaining ases are ompletely analogous. In appendix B we show
with an example that suh replaements give the same result in amplitude alulations.
We an assume without loss of generality that the up-quark Yukawa matrix is
diagonal. (In absene of dimension-six operator ontributions to quark masses, this
implies that the weak and mass eigenstates oinide.) Then, the operator equality for
O2−3φu is
O2−3φu ≡
1
2
[
O23φu − (O32φu)†
]
=
1
2
[
Y u22O
23
uφ − Y u∗33 (O32uφ)†
]
. (28)
For brevity, we denote as O¯2−3φu the right-hand side of this equation,
O¯2−3φu ≡
1
2
[
Y u22O
23
uφ − Y u∗33 (O32uφ)†
]
. (29)
The operator O2−3φu does not give orretions to quark masses. Its ontribution to the
Htc vertex is (see appendix C)
αO2−3φu + α
∗(O2−3φu )
† ⊃ iv
2
[α c¯Rγ
µtR − α∗ t¯RγµcR] ∂µH , (30)
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where α stands for C2−3φu /Λ
2
. On the other hand, O¯2−3φu indues non-diagonal Yukawa
terms,
αO¯2−3φu + α
∗(O¯2−3φu )
† ⊃ v
3
4
√
2
[α(Y u22 c¯
′
Lt
′
R − Y u∗33 c¯′Rt′L) + α∗(Y u∗22 t¯′Rc′L − Y u33 t¯′Lc′R)] . (31)
In this ase we denote the weak eigenstates with primes to distinguish them from the
mass eigenstates, whih are obtained after diagonalising the mass matrix for up-type
quarks. Introduing the small dimensionless parameter ε = αv2/4 = C2−3φu (v/Λ)
2/4,
the mass term for up-type quarks is
L
mass
= −(u¯′L c¯′L t¯′L)
v√
2


Y u11 0 0
0 Y u22 εY
u
22
0 −ε∗Y33 Y33




u′R
c′R
t′R

+ H.. (32)
At rst order in ε, the relation between weak and mass eigenstates is
u′L,R = uL,R ; c
′
L = cL , c
′
R = cR − εtR ; t′L = tL , t′R = tR + ε∗cR . (33)
We an now ompute the ontribution of O¯2−3φu to the Htc vertex. The rst one omes
from the operator itself,
αO¯2−3φu +α
∗(O¯2−3φu )
† ⊃ 3v
2
4
√
2
[α(Y u22 c¯LtR − Y u∗33 c¯RtL) + α∗(Y u∗22 t¯RcL − Y u33 t¯LcR)]H . (34)
Notie that in this equation we have replaed weak by mass eigenstates at rst order
in ε, beause they are already multiplied by terms of order ε. The seond ontribution
to the Htc vertex omes after writing the SM Yukawa interations, whih are diagonal
in the primed basis,
L
Y
= − 1√
2
[Y u11 u¯
′
Lu
′
R + Y
u
22 c¯
′
Lc
′
R + Y
u
33 t¯
′
Lt
′
R]H
− 1√
2
[Y u∗11 u¯
′
Ru
′
L + Y
u∗
22 c¯
′
Rc
′
L + Y
u∗
33 t¯
′
Rt
′
L]H (35)
in terms of the mass eigenstates uL,R, cL,R, tL,R. This additional ontribution oming
from mixing is
v2
4
√
2
[α(−Y u22c¯LtR + Y u∗33 c¯RtL) + α∗(−Y u∗22 t¯RcL + Y u33t¯LcR)]H , (36)
so that the total ontribution when αO¯2−3φu +α
∗(O¯2−3φu )
†
is added to the SM Lagrangian
is
v2
2
√
2
[α(Y u22 c¯LtR − Y u∗33 c¯RtL) + α∗(Y u∗22 t¯RcL − Y u33 t¯LcR)]H . (37)
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Comparing Eqs. (30) and (37), and introduing the quark masses mc = Y
u
22v/
√
2,
mt = Y
u
33v/
√
2, we observe that the operator equality implies the replaements
ic¯Rγ
µtR∂µH → (mcc¯LtR −mtc¯RtL)H ,
−it¯RγµcR∂µH → (mct¯RcL −mtt¯LcR)H . (38)
These substitutions are exatly the ones that an be applied for on-shell t and c quarks,
beause ∂µH = iqµH , with q = pt− pc, and the Dira equation an be used to simplify
pt6 and pc6 . However, the operator equality in Eq. (28) is more general, and valid for o-
shell partiles as well, provided that all ontributions from gauge-invariant operators
are taken into aount.
B Rewriting derivative terms in amplitude alula-
tions
As we have seen in appendix A, the operator equalities in Eqs. (8) imply that derivative
terms in Htt, Htq interations an be replaed in amplitude alulations by salar and
pseudo-salar terms, if all ontributions from the gauge-invariant eetive operators
involved are taken into aount in the amplitudes and a gauge-invariant set of Feynman
diagrams is onsidered. For example, the replaements for the Htc vertex are
c¯Lq6 tL → mtc¯LtR −mcc¯RtL ,
c¯Rq6 tR → mtc¯RtL −mcc¯LtR , (39)
plus the hermitian onjugate, being q = pt−pc the (outgoing) Higgs boson momentum.
These replaements are trivial if both the top and harm quarks are on-shell, beause
in this ase they follow from the appliation of the Dira equation. In this appendix
we show expliitly with a simple amplitude alulation that this is also the ase for
o-shell quarks. For onveniene, we dene the o-shell operator
O
o
= c¯ [q6 (ωLPL + ωRPR)−mt(ωRPL + ωLPR) +mc(ωLPL + ωRPR)] t+ H.. , (40)
where ωL and ωR are omplex onstants. This operator is dened as an arbitrary
derivative ontribution minus the (pseudo-)salar terms by whih it an be replaed,
aording to Eqs. (39). It an also be written as
O
o
= (ωRPL + ωLPR)(pt6 −mt)− (pc6 −mc)(ωLPL + ωRPR) + H.. , (41)
whih is a muh more onvenient form for omputations. Here we alulate the am-
plitude for gc → tH , involving the two diagrams in Fig. 1. The gray irles stand
13
for an anomalous vertex involving O
o
. In order to show that the replaements in
Eqs. (39) an be done in this proess (where the O
o
anomalous interation involves
o-shell quarks) it is suient to show that the sum of the amplitudes orresponding to
both diagrams anel. In this simple proess, the only ontributions to the amplitude
from the gauge-invariant operators onsidered are the Htc trilinear verties, although
this is not always the ase, and for gauge boson verties additional quarti diagrams
sometimes appear [13, 17℄.
c
g
H
t
t
c
g
H
t
c
Figure 1: Feynman diagrams ontributing to gc→ tH .
We label the momenta of the gluon, the external harm and top quarks and the
Higgs boson as p1, p2, p3 and p4, respetively. Using the on-shell onditions for the
harm (top) quark involved in the anomalous interation in the rst (seond) diagram
and using (p6 +m)(p6 −m) = p2 − m2 to simplify the propagators, the two amplitudes
read, in standard notation,
Mt = −gsλ
a
2
u¯(p3)γ
µ(ωLPL + ωRPR)u(p2) εµ(p1) ,
Ms = gsλ
a
2
u¯(p3)(ωRPL + ωLPR)γ
µu(p2) εµ(p1) , (42)
and it is lear thatMt +Ms = 0.
C Operator ontributions to top-Higgs interations
and quark masses
We ollet here the eetive operator ontributions to top-Higgs interations and quark
masses. We use the shorthand αx = Cx/Λ
2
, and drop the indies on the α onstants.
Our expressions oinide with those in Refs. [6, 7℄. The ontribution of the operators
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in Eqs. (2) with i = j = 3 to the Htt vertex are
αO
(3,33)
φq + α
∗(O
(3,33)
φq )
† ⊃ Imα v t¯LγµtL ∂µH ,
αO
(1,33)
φq + α
∗(O
(1,33)
φq )
† ⊃ −Imα v t¯LγµtL ∂µH ,
αO33φu + α
∗(O33φu)
† ⊃ −Imα v t¯RγµtR ∂µH ,
αO33uφ + α
∗(O33uφ)
† ⊃ 3v
2
2
√
2
[Reα t¯ t+ i Imα t¯γ5t]H . (43)
The ontributions to top FCN verties with the Higgs boson are given by
αO
(3,ij)
φq + α
∗(O
(3,ij)
φq )
† ⊃ −i v
2
[α u¯Liγ
µuLj − α∗u¯LjγµuLi] ∂µH ,
αO
(1,ij)
φq + α
∗(O
(1,ij)
φq )
† ⊃ i v
2
[α u¯Liγ
µuLj − α∗u¯LjγµuLi] ∂µH ,
αOijφu + α
∗(Oijφu)
† ⊃ i v
2
[α u¯Riγ
µuRj − α∗u¯RjγµuRi] ∂µH ,
αOijuφ + α
∗(Oijuφ)
† ⊃ 3v
2
2
√
2
[α u¯LiuRj + α
∗u¯RjuLi]H , (44)
with i, j = 1, 3/3, 1 for Htu and i, j = 2, 3/3, 2 for Htc. Finally, the only operator
ontributing to quark masses is Oijuφ,
αOijuφ + α
∗(Oijuφ)
† ⊃ v
3
2
√
2
[α u¯LiuRj + α
∗u¯RjuLi] . (45)
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